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ABSTRACT 

This paper describes a one-dimensional time dependent radiative- 

convective model for the earth's atmosphere. Tfie model includes the radia- 

tive effects of clouds, aerosols, the major radiative gases (H20, C02, 03) 

and minor gaseous constituents. A simple convective adjus-nt process is 

used to parameterize the vertical transport of heat by atmospheric motions. 

Solar radiative transfer is computed w i t h  the doubling and adding 

method. For terrestrial radiation we use approximate analytic solutions for 

a single layer and then the adding method to compute fluxes at the layer 

interfaces. Multiple scattering is explicitly modeled for both solar and 

- terrestrial radiation. Integration over frequency including the effects of 

atmospheric inhomogeneity, i.e., pressure and temperature change with alti- 

tude, is accurately handled for both solar and terrestrial radiation by use 

of a generalization of the k-distribution method. 

The sensitivity of atmospheric thermal structure to assumptions about 

the critical lapse rate for convective adjustment, cloud parameters and 

atmospheric humidity is studied. 

is crucial for determining the surface temperature change in climate pertur- 

It is shown that the critical lapse rate 

bations. For example, if the abundance of atmospheric CO is doubled the 

computed surface temperature is increased by 2.OK for a fixed lapse rate 

of 6.5 K km-', but by only 1.4 K for the moist-adiabatic lapse rate. 

also show that cloud base altitudes have as large an effect as the cloud 

2 

We 

top altitudes on the computed surface temperature. 

As a sample application we compute the change in the atmospheric 

I temperature profile which would result from ozone profile predicted on the 
~ 



assumption of an order of magnitude increase in atmospheric chlorofluoro- 

methanes; the ozone perturbation amounts to an decrease of 18 percent in 

the column abundance with a maximum decrease of 50 percent at 40 km altitude. 

The ozone reduction leads to a 0.2 K cooling of the troposphere and surface 

&ch is overwhelmed by W e  greenhouse Warming of the added chlorofluoro- 

methanes. The net result is a wannxn g &f about 0.1 K. 



1. Introduction 

One-dimensional radiative-convective models which determine the thermal 

structure of the  atmosphere as a result  of the balance between radiative 

flux and a parameterized convective flux are useful tools for  climate studies 

(cf. Schneider and Dickinson 1974 for climate modeling). These models, 

which can include realistic vertical distributions of raiiatively-important 

atmospheric constituents, can be used to  examine the role that these consti- 

tuents play i n  determining the global mean temperature structure (e.g. Manabe 

and Wetherald, 1967; Wang and Danoto, 1974; Ramanathan, 1975, 1976a,b; 

Wang e t  al., 1976; Hansen e t  al,, 1978). Although such models exclude 

a number of major feedback mechanisms, it is conceivable that the model 

provides good estimates for  the first order radiative effect  of a perturba- 

t ion of atmospheric constituents. 

For climate studies, it is  essential t o  have a rapid and accurate method 

'for computation ofr radiative heatings and coolings which provide the  radia- 

t ive temperature changes. Fu r themre ,  besides radiative flrrxes other pro- 

cesses, such as vertical  convection (evaluated according t o  assigned c r i t i c a l  

lapse ra te ) ,  cloudiness and humidity are parameterized one-dimensionally, 

. Consequently the model r e s u l t s  w i l l  be affected by the accuracy of radiative 

m o d e l  employed as  w e l l  as the parameterizations used for other-energy trans- 

fer  processes. The present paper gives a detailed description of radiative 

calculations and examines the sensitivity of computed results t o  m o d e l  

parametershherited i n  the one-dimensional radiative-convective model. 

1 



. C  

2, Radiative transfer calculation 

The basic problem encountered in the calculations of radiative transfer 

in a realistic atmosphere is the inseparable processes of scattering and 

absorption due to cloud and aerosol particles, and of absorption by atmospheric 

gases (~oody, 1964). 

is not properly accounted for by the usual band model techniques for gaseous 

absorption which do not allow for multiple scattering, and direct line-by-line 

The main difficulty is that the integration over frequency 

integration is too time oonsuming for practical use. 

integration With the correlated k-distribution method described in lacis et al. 

We handle the frequency 

(1979), a this section, we first present the formulation for computing me 
next we briefly describe the method for using 

k-distribution function. 

a, Monochromatic flux calculation 

The doubling and adding method is used for computing solar radiation. De- 

tailed descriptions of the computational scheme used to calculate the solar in- 

tensities and fluxes can be found in Lacis and Hansen (1974). 

further extended t o  include thermal emission in terrestrial radiation CalCUla- 

tions, 

developed a more efficient way of computing terrestiral radiation. 

ment, analytical expressions of emission, transmission and reflection function of 

single layer are obtained by solving the radiative transfer equation rather than 

ushg doubling method. 

This method is 

However, in order' to avoid the time-consuming doubling method we have 

In this treat- 

Adding method is then employed for combining layers, 

The radiative transfer equation for an emitting, scattering and absorb- 

ing layer is 

1 

d1 = -I (T,l.l) + ( 1 4  ) Ib (T) + 5 I(T,II*) Ps(T,u,vO)dvM (1) 
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where I (?pp) is the spectral intensity, 8 the zenith angle (~=cos@), T the 

optical depth, 3 the single scattering albedo (3 = ksAt and kt = ks + ka, 

with subscripts a, s and t denoting absorption, scattering and extinction 

respectively). I is the spectral p1anc.k function. p$(t,v,pa) is the 

scattering phase function; its first moarent “g” characterizes the relative 

b 

importance of forward-to-backward scattering, (van de Rulst, 1963). The 

intensity is assumed to be independent of azimuthal angle ( , 1960) . 
%!he boundary conditions for the isolated layer are 

+ where T 

comesponds to positive values of 

p values. 

iS.the optical thickness of the layer. m e  may note that I 0 : *  

p; where I- is associated with negative 

Separate solutions for clear and cloudy layer are given below. 

Clear Layer 

For a layer without scatterers, the solutions can be kitten in 

integral form 

‘0 

For practical purpose a linear Planck function-relation for the layer 

in assumed, i.e.# 

xIb(T) = Bb + mT 

3 
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w h e r e  m = (Bt - %I/  To 

and ‘to, 

and, Bb and Bt are the Plan& functions a t  T - 0 

This profi le  tends t o  overestimate the layer emissivity compared 

with the linear temperature relation. However, as indicated i n  a report by 

System, Science, and Software (19721, the approximation is very good fo r  m o s t  

atmospheric zones i n  most  spectral regions, 

inside the 10 prn atmospheric window with various temperature gradients, 

W e  have made further calculations 

The 

computed layer emissivity is within 1% of tha t  obtained by assuming a l inear 

temperature relation, 

Substituting Eq. (4) in to  Eq. (3) and integrating over the optical depth, 

we  obtain two analytical expressions governing the upward and downward in tens i t ies  

With further integration over the azimuthal angle and the respective 

zenith angle, w e  obtain the analytical solutions fo r  emission from the layer 

top and layer bottom, and for  t o t a l  transmission and reflection 

E = B (I-T) - 2m(l-t-TOT)/3 
t 

E * = B (1-9’) + 2m(l-t-TOT)/3 b 

T = 2E (T 
3 0  

R = O  

-T where t = e ().and E3 is the exponential inteTral function of 3rd. order. 
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Cloudy Layer 

van de Hulst's similarity relations, which reduce the problem of aniso- 

tropic scattering to one of isotropic scattering by scaling the optical 

thickness- and. single scattering albedo, are adopted t o  treat the anisotropic 

scatteririg properties of aerosols and clouds. The scaling facter used is (l-g), 

i.e.,tb mean free path of a:photon is less by a factor (1-1 than the value 

determined under the assumption of isotropic scattering ( H a n s e n ,  1969). 

The two-stream approximation is then adopted to solve radiative trans- 

fer in an isotropic scattering medium. 

into two streams according to Gaussian quadrature, Eq.(1) can be transformed 

By dividing the radiation field 

to two coupled linear differential equations governing the upward and 

downward intensities I 

and difference of I 

variables, we can derive two uncoupled second order linear differential 

equations 

+ 
and I- (Wang and Domoto 8 1974). Using the sum 

+ 
and I-, denoted by X and Y respectively as dependent 

2 2 dlb 3a Y ( T )  = 2JF a - d2Y 

dT2 dT 
- -  

\ 

2 where a = 1 - 3. 

Replacing I with Eq. ( 4 ) ,  X and Y can be solved by the standard method b 

of variation of parameters. The two-stream solutions for emission from the 

layer top and layer bottom, and for total transmission and reflection are 

then 
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where 

-=1 
T 

P = v e l + ,  

Q = v e l - u e  1 - a  
r -r 

D = v 2 e T 1 - u e  2 -'t1 

u = (l-a)/2 

v = (l+a)/2 

The o p t i c a l  thickness T a& the  s ing le  s c a t t e r i n g  albedo are given by 
0 

'c = k u + T  (1-g) + T 
S a 

3 = 't (l-g& I o  S 

where k i s t h e  cor re la ted  gas absorption coe f f i c i en t  and u is t h e  gas  

amount. 

Figure 1 showsthepercent e r ror  of computed layer  emissivi ty  i n  the windowre- 

+on basedon the  two-streamapproximation and t h e  exact  mult iple  s c a t t e r i n g  ca lcu la-  

t i o n s  f o r  i so t rop ic  sca t te r ing .  

stream approximation f o r  i so t ropic  s c a t t e r i n g ,  w e  have obtained an empir ical  

r e l a t i o n  

In order  to improve the  accuracy O f t h e  two- 
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(11) 
F(6 ,  To) - 1 + 0.14 t + O . l O i i 2  (1-t) + (-1.03 + 0.4a * 

+ 0.63z2)T0t + (2.02 - 0.6& - l .34z2)To 2 2  t 

+ 0.45 To 2 (T0-1~t3’2(14)  

t o  multiply E and E . This yields emissions which are within 2% of exact mul- 

cal relation is derived from window region results,  it is applicable to  other 

thermal regions as w e l l .  

First we -ne the accuracy of applying the 

scattering approximation t o  anisotropic scattering 

0 
region. Calqlations axe made for  water cloud (r 

scaling isotropic 

medium i n  the thermal 

= 81, i ce  cloud (r = 2) 
0 

t i p l e  scattering results for a l l  values of z and Although t h i s  empiri- 

and sulfuric acid aerosol particles (T = 0.1). The cloud par t ic le  pro- 
0 

perties are defined i n  Section 3. 

for aerosol particles with radius ranging from 0.1 to 10 pm (the m e a n  

radius is about 0.3 Wn). 

e t  al .  (1973). Based on Mie theory, the spectral scattering properties 

for cloud and aerosol particles are computed. 

spherical albedo, transmission and absorption a t  10 and 20 pm based on 

doubling and adding method, and the sca l ing  isotropic scattering approximation. 

It can be seen that  a l l  t h e  spherical quantities have the accuracy up t o  

the third decimal po in t .  

Practically speaking the r e s u l t s  of the scaling isotropic scattering approxi- 

mation and the anisotropic scattering are nearly identical i n  the thermal 

infrared regions. 

A power law size distribution is assumed 

The index of refractions is  taken from Pollack 

Table 1 gives the calculated 

O t h e r  spectral regions have similar results. 

From above analyses w e  have obtained the analytic expression of emission, 

transmission and reflection function for clear and cloudy layers. 

the adding method, these functions can be used for oomputingthe fluxes a t  the 

interface of the layers (Lacis and Hansen, 1974). B u t ,  for t e r r e s t r i a l  radiation, 

When applying 
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there is an addi t ional  emission termwhich has t o  be included in the  upward and down- 

ward addings. 

campute the monochromatic f l w e s . a t  given spectral i n t e r v a l  AV. for each 

Therefore, i n  t h e  following, we describe b r i e f l y  t h e  steps used to' 

3 

value of correlated absorption coef f ic ien t  k (cf. Fig. 2 ) .  n 

1) Using Eqs. (61, ( 8 )  and (9) the r e f l ec t ion  RR, transimssion TR, optical thick-  
* 

ness tot, upward emission Ea 

for each layer. 

and downward emission E R, 11 = 1, L + 1 are computed -- 

2) Star t ing  with the ground layer ,  t h e  layers  are added upward one a t  a 

R' t i m e  t o  obtain the  composite upward f lux U 

11-1 9. =I$,+c Ei T (x fk) for clear layer  uR 
i=L) k=i+l  

. .  and 

I: e = 1 i f  atmosphere is c l ea r  and L0 = fi i f  R is t h e  las t  sca t t e r ing  l aye r  

encountered i n  the  process of upward adding. It is noted t h a t  ULO instead of 

'should be used in':the upward addings after the  sca t t e r ing  layer  f, = L'is EL 
passed. 

The re f lec t ion  function K of composite layer  1 through f, is R 
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3) h y e r s  are added downward one at a time to obtain the composite down- 

ward flux Da, 

L0 . i-1 

i=&+2 k=&+l 

and 

- - 
D 11 = E* %+l + (Da*l + Ea+lR*a+l)~a+l/ ( ~ - R ~ + ~ R ; + ~ )  for scattering 

layer. 

The reflection function x* II of composite layer L+l through 11+1 is 

- - - 
+ Tk+l R* a +1 11 a+1/ (l-Ra+lR*a+l? Rj2 = Ra+l 

L’ = L+1 i f  atmosphere is  clear and Le = R + 1  is t h e  l a o t  s c a t t e r i n g  layer  

DLO eixomtered i n  the process of downward adding. Same as s t e p  2 ) ,  

instead E*’ should be used i n  t he  downward addings after the sca t t e r ing  layer  

a = L’ is passed. 

L 

After each layer  is added, s t e p  4)  is performed. 

4) The upward and downward fluxes of the  in t e r f ace  between two composite 

layers  (1, 2) and (E+1, L+I) a r e  

The t o t a l  f luxes are found by summingover valuesof k-dis t r ibut ion funct3on n and 

spec t r a l  i n t e rva l  ‘3, 

It is  worthwhile t o  point  out that i n  the present formulation, t he  product 
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of t h e  transmissions i n  a clear atmosphere m u s t  be treated as the transmission 

for the sum of t h e  optical paths traversed by t he  rad ia t ion ,  i.e., 

because theso lu t ions  i n  Eq. (6 )  are in angle-averaged form, Hawever, if Eq- ( 5 )  

is used for cambing l ayers ,  t h e  product of the transmissions for the separate 

optical paths can be used. 

b. Frequency in t eg ra t ion  

Frequency.integration is used t o  campute total  f lux by summing over the mono- 

chromatic fluxes, For the earth's atmosphere, t h e  frequency in t eg ra t ion  is very 

tedious and requi res  hundred and thousand monochromatic ca l cu la t ions  because of 

t h e  complicated molecular structures of t h e  trace gases. Our approach t o  t h i s  pro- 

blem is a general izat ion of t h e  k-distribution method used by Lacis and Ransen 

(19741. 

The k-dis t r ibut ion,  

probabi l i ty  dens i ty  func 

f ( k ) ,  f o r  

.ion such 

a given gas  and frequency h t e r v a l  is the  

.hat f (k)dk i s  the  fractkon of  t h e  frequency 

i n t e r v a l  f o r  which the  absorption coef f ic ien t  i s  between k and k+dk. The basic 

idea of grouping frequency i n t e r v a l s  of gaseous spectra according t o  absoprtion 

coe f f i c i en t  s t rengths  goes back a t  l e a s t  t o  Ambartsumian (1936) who used it i n  

estimating the  inf luence of absorption l i n e s  i n  stellar atmosphere. 

allows the  in tegra t ion  over wavelength f o r  absorbing gases t o  be resolved 

impl i c i t l y  by in tegra t ing  the  monochromatic so lu t ions  over k-d is t r ibu t ion  

function. Lacis and Hansen (1974) used the k-dis t r ibu t ion  method to  include 

the  e f f e c t s  of mult iple  sca t te r ing .  However, s t r i c t l y  speaking, t h i s  method 

i s  not  appl icable  i n  an inhomogeneous atmosphere and the  most commonly used 

This method 
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approximation is to scale the gas absorber amount according to local pressure 

and temperature (for example, see Lacis and Hansen, 1974). Wang et al. 

(1976) and Hansen et al. (1978) used a different approximation, which 

they called the correlated k-distribution method, by assuming that a simple 

correlation in frequency space of absorption coefficient at different 

temperatures and presures could be found. The approximate treatment is 

remarkably accurate as demonstrated by comparing with line-by-line calcula- 

tions for the 9.6 llm ozone band (Lacis et al., 1979)-.. It is found that 

the correlated k-distribution method gives the ozone heating rate within 

0.1 I( day-1 of line-by-line calculations while the camonly used pressure- 

scaling and Curtis-Godson approximations fail to yield accurate results 

(Walshaw and Rogers, 1963). Furthermore, the present method is several 
--. 

orders of magnitude faster than line-by-line calculations. 
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3. Atmospheric d e l  

a, Spect ra l  data 

The solar and thermal spectrum are  divided - in to  -36 and 27 frequency i n t e r v a l s ,  

respect ively.  

the solar f lux of Labs and Neckel (1968) as t h e  in so la t ion  a t  the top of the 

Ten probability values are used for each in t e rva l .  W e  have adopted 

-1 -2 atmosphere with a solar constant  1.958 cal min cm . The band model parameters 

of  the major and minor atmospheric trace gases i n  t h e  frequency i n t e r v a l s  are 

computed based on f i t t i n g  t h e  calculated transmissions(1ine-by-line ca lcu la t ions  

with V o i g t  l i n e  profile if l i n e  da t a  are available) with t h e  Mallanus m o d e l  a t  

3 temperature and 12 pressure l e v e l s  appl icable  t o  t h e  earth's atmosphere. 

In te rpola t ions  are made f o r  pressures and temperatures o the r  than t h e  reference 

levels. 

r ad ia t ion  model. I n  s o l a r  r ad ia t ion  regime, t h e  p r inc ip l e  gaseous absorbers 

Table 2 gives  t h e  major absorption bands of t h e  trace gases used i n  tho  

i n  the  e a r t h ' s  atmosphere are w a t e r  vapor i n  the  troposphere and ozone i n  

t he  s t ra tosphere.  Water vapor absorbs p r i m a r i l y i n  the near-infrared region. 

A t  sho r t e r  wavelengths t h e  main gaseous absorber is ozone which is e f f e c t i v e  

i n  t h e  u l t r a v i o l e t  and i n  t h e  v i s ib l e .  Carbon dioxide,  oxygen, ni t rogen and 

ni t rogen dioxide are minor contr ibutors  t o  t h e  total  atmospheric absorption. 

Fig. 3 -taken from P e t t i t  (1951) i s  representa t ive  of  t h e  spectral absorp- 

t i o n  f o r  c l e a r  sky conditions. I n  the terrestrial  r ad ia t ion  regime, w a t e r  vapor, 

carbon dioxideand ozoneare the  major greenhouse ingredients .  However o the r  

minor t r a c e  gases such as N 0,'CH4,NH3, etc., 

on the  atmosphere's thermal s t ruc tu re  because they have s t rong absorptson 

can have a s igni - f ican t  e f f e c t  
2 

bands within the  7 - t o  1 4 - u  atmospheric window which t ransmits  most of t he  

thermal rad ia t ion  from the  e a r t h ' s  surface and lower atmosphere (Fig. 4 ) .  

12 



dependence of the cloud and aerosol particle properties which are relatively s l ~ l y  

parameters 

and r = 25W, b = 0.1 for ice cloud. The spectral properties for water 

used in the present study are r = l-, b = 0.15 for water cloud 

droplets and ice spheres were  computed f r o m  Mie theory at solar and thermal 

spectrum for which Irvine and Pollack (1968) tabulated optical constant of 

ice crystals and Hale and Querry ( 1973 ) gave spectral data for water. The 

nordalaerosolmodel proposed by Tbon and Pollack (1976) is adopted. The model 

which is designated for global average radiative transfer calculations assumes sea 

salt, soil (basalt) and sulfate particles in the troposphere with To = 0.120 and 

sulfate (75%H2SOq, 25%H 0 in solution) in the stratosphere with To = 0.005. 
2 

b. Characteristics of the atmosphere 

We have adopted a globally-averaged model as standard model atmosphere 

for climate and sensitivity studies.' Characteristics of the model and the computed 

surface temperature, convection and water vapor column amount are shown in Table 3. 

Three types of clouds -- high, middle and low -- are included and assumed 
to be non-overlapping. High cloud is assumed to be ice.cloud while middle 

and low clouds are treated as water clouds. The cloud heights and cloud amounts 

are derived from the data compiled by London (19561, Sasamorl et al. (1972) and 

Hoyt (19761, and are modified to allow for the non-overlapping assumption, 

However, no data is available for cloud optical thicknesses (at 0.55 pm) except 

for cirrus clouds in which T = 2 gives a corresponding visual albedo of 
.-A;. .. . 0 

\ 

'A-tropical model atmosphere can also be formulated simply by setting ocean 
and atmospheric meridional energy transport equal to observed values, and a 
thermal inertia appropriate for the upper ("mixed") layer of the ocean as 
illustrated in Hansen et al. (1978). 
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-20%. Therefore we choose T = 6 and 16, respectively, &r middle and low 

m'ter clouds strictly based on radiative-convective equilibrium calculations 

0 

such that both values of.the computed global albedo and surface temperature 

are close to observed values. 

assumed to be 1 km. 

on graphs published by Bathen (1972). 

thickness layers from the surface to an altitude of 50 km. 

Gauss divisions to perform integrations over angle for solar radiation while 

the solutions for terrestrial radiation are already in angle-averaged form. 

Solar and thermal radiative fluxes at each level are then computed by aver- 

aging over clear and cloudy regions. 

The vertical extent of the cloud layer is 

The ocean mixed layer depth is assumed to be 73 m based 

The atmosphere is divided into 17 variable 

We use three 

Since no hydrology is included in the one-dimensional radiative-convective 

model, we perform the sensitivity study under the assumption of fixed relative 

humidity (FRH)and fixed absolute humidity (FAHI . For the FRFI assumption, if 

the temperature increases during climate change, the absolute humidity also 

increases, causing a substantial positive feedback effect -1.5 (cf. Wang 

et al., 1976). In the present study, we adopted the formulation of relative 

humidity used by Manabe and Wetherald (1967). The relative humidity 

profile for P/P > 0.2 is taken from Manabe and Wetherald [their E q .  (211 

while for P/Po < 0.02, it is cumputed based on constant 3 ppm mixing ratio 

and the temperature profile of midlatitude model atmosphere of McClatchey 

0 

. 

et al. (1972). Unless otherwise stated, we assume fixed relative humidity 

and fixed cloud altitude (see Section 5c) in our computations. 

The vertical O3 distribution is described by an analytic expression with 

coefficients specifying the maximum concentration height, the scale height 

and the total ozone amount (see footnote 32 of Wan9 et al. 1976). The total 

ozone column amount is taken from10 years averaged data compiled by London 

et al. (1976), while the maximum concent-ration height and the scale height 

14 



are chosen from the seasonal and latitudinal ozone vertical distributions 

published by Dutsch (1974). We use ozone data at 40 N on April 15 as the 

standard ozone distribution in the unperturbed model atmosphere. The 

distribution is very similar to the one proposed by Krueger and Minznev 

(1976) for the 1976 U.S. Standard Atmosphere. 
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4. Radiative-convective equilibrium 

Studies of radiative equilibrium of non-gray atmosphere have been carried out . 

by Yamamoto (1953, 1955) 8 Manabe and Moller .(1961) and others. Because it 
" .  

neglects atmospheric motions, the model atmosphere always has a cooler upper 

troposphere and a higher surface temperature than observed. 

ture gradient or lapse rate in the earth's troposphere is primarily maintained by 

the convective processes and large scale eddies. Moist convection is dominant in 

determining the lapse rate in the tropics while large scale eddies which can be esti- 

mated by using baroclhic theory (Stone, 1972), are most important in mid-latitudes. 

In the one-dimensional radiative-convective model the vertical transfer of heat 

The observed tempera- 

is parameterized in such a way that the lapse rate computed based on radiative 

equilibrium can not exceed a critical lapse rateU). In this parameterization, con- 

vection is invoked to set the lapse rate in the convecting region equal to r. 
This simple convective adjustment process approximates the actual heat trarrsport 

by atmospheric motions, thereby permitting a more realistic temperature distri- 

bution-throughout the atmosphere (Manabe and SCrickler, 1964). 

In the numerical computations, the radiative-convective equilibrium is 

2 approached by a time-marching procedure as follows: 

(1) The radiative temperature change of atmospheric layers is calculated from 

solar radiative heating and thermal radiative cooling which were computed from 

the flux divergence. 

among thermal, solar and convective fluxes. 

from stability criteria using previous time step surface temperature and the new 

radiative equilibrium atmospheric temperature, (2) Before using the new temperatures 

Surface temperature is computed based on energy balance 

The convective flux is calculated 

for radiative flux calculations, the lapse rate is checked against r., beginning 

- 

2This time-marching procedure adopted in the present model allows us to study time- 
dependent radiative perturbation. For example, Hansen et al. (1978) studied the 
temperature changes caused by the large increases in stratospheric aerosols after 
the explosive eruption\ofMount Agung in 1963. 
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from the surface with the new surface temperature, 

distribution is not stable in any given layer, then a convective flux is 

If the new temperature 

required in order to maintain a stable atmosphere. 

(3) The new temperature distribution, along with the canputed water vapor amount 

if FRH is assumed, are used to calculate radiative fluxes and heating rates. 

(4) Processes (1) - (3) are repeated until a steady state is reached. At steady 

state, the layer without convection will be in radiative equilibrium with zero 

net flux, while others will be in radiative-convective equilibrium with convec- 

tion supplied from the ~urface.~ 

excess of net downward solar radiation over net upward long-wave radiation 

The surface is in energy balance with the 

equal to the convective heat flux required to maintain a stable atmosphere. 

Fig. Sshowsthe computed radiative-convective equilibrium temperature 

distribution for two r values -- a constant 6.5 R km-’ and a moist-adiabatic 

lapse rate (see next sectionfor detailed discussions of the sensitivity of 

model result to r ) .  In the middle and upper stratosphere, the temperature struc- 

ture is very similar for the.two values. But in lower stratosphere and tropo- 

sphere, the two temperature distributions are quite different and they cross 

over around 6 km. However, thecomputed equilibrium surface temperatures for 

the two models are very close with 287.39 K for 6.5 K km-’ and 287.80 K for 

an assumed moist-adiabatic lapse rate. The U . S .  standard atmosphere temperature 

3Typically, total convection is supplied f romthe surface because a two-zone at- 
mosphere exists, i.e., a radiative-convective equilibrium (RCEItroposphere and a 
radiative equilibrium(RE)stratosphere. 
more zones, for example, a RCE-RE-RCE troposphere caused by a cloud or dense 
aerosol layer, the convection needed above the RE region can be partially supplied 
by this region with additional energy provided by the surface. 
actually simulates a small scale energy 
readjustment of convection in order to eliminate the more than two-zone atmosphere 
takes place in step (2) of the time-marching procedures. 

However if the troposphere has two or 

The treatment 
transport. In the numerical scheme,this 



profile is also shown. 

region where, according t o  observatlons, dynamics plays a major role, In 

the middle and upper stratosphere, whereozoneabsorption of solar radiation 

is the main heat source, model temperatures are generally cooler by 5K than 

the U.S. standard atmosphere, This is p a r t l y  due t o  cooler tropopause 

temperature and also partly caused by the uncertainty i n  the ozone distribu- 

tion between 1-10 mb. 

A dlfference of 8 K is found around the  tropopause 
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5 ,  Sensitivity study of radiative-convective model 

I n  th i s  section, the sensitivity of the model resul ts  t o  the parameters . 

used in the radiative-convective model is studied, The purpose is t o  examine 

how the model atmosphere responds t o  different values of assumed model para- 

meters such as cr i t i ,cal  lapse rate, clouds and humidity. Because of 

theimportanceof carbon dioxide i n  atmospheric radiative transfer and its role 

played i n  global climate (Schneider, 1975; Manabe and Wetherald, 19751, we  also 

examine the model sensit ivity to  these parameters withthe carbon dioxide concen- 

tration increased by a factor'of two. . .  

a. Crit ical  lapse r a t e  

The computed thermal structure of the earth's atmosphere depends strongly 

- on the assumed values of r which is generally taken t o  be a constant value 

of 6.5 K la-' i n  the radiative-convective model. 

analyzed the zonal averaged temperature of the earth 's  atmosphere and finds 

that the temperature structure is dependent upon lati tude during any given 

season, and its seasonal variation is different a t  different latitudes. 

However, as  pointed out by Ramanathan and Coakley (1978) and Stone and Carlson 

(19781, the hemispheric mean lapse rates are  i n  good agreement w i t h  the moist- 

Recently, Rennick (1977) has 

adiabatic lapse ra te  i n  the lower troposphere while they are closer t o  constant 

6.5 K 3m-l i n  the upper troposphere. 

Fig. 6 shows the computed surface temperature as a function of c r i t i ca l  

lapse rate. I n  general, larger lapse ra te  value yields higher surface temp- 

erature since the needed vertical  transport of heat by convective processes 

i s  smaller. The atmosphere reaches radiative equilibrium i f  the c r i t i ca l  

lapse ra te  value increases indefinitely, On the other hand, it is  probably 
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not realistic to have critical lapse rate values less than moist-adiabatic 

lapse rate unless the large 

also shown the surface temperature with the present-day carbon dioxide concen- 

tration increased by a factor of two. 

carbon dioxide produces a 2.0 

results of 1.95 K by Manabe (see Schneider 1975) and 1.98 K by Augustsson and 

Ramanathan (1977); the surface temperature increases by 1.25 K if constant 

absolute humidity is used. 

for larger rvalues because of the water vapor greenhouse effect as well as 

the overlapping of water vapor with carbon dioxide. 

scale motions dominate the heat transport. We have 

For r = 6.5 K km-’ the increases of 

K surface warming which is very close to the 

The surface temperature change is slightly larger 

As discussed earlier, it is interesting to find that the moist-adiabatic 

-1 atmosphere has a surface temperature close to the fixed 6.5 K km 

rate atmosphere, even though the thexmal structure for the two atmospheric 

models are different (the computed total convection, total column water vapor 

amount and mean lapse rate for the moist-adiabatic atmosphere are 0.165 ly min 

1.95 cm and 5.48 K km” respectively). 

cross-over of the two lapse rete profiles in the middle of the troposphere 

which affects the thermal structure but incidently maintains very similar 

.surface temperature. 

even in a one-dimensional model, a fully interactive atmosphere model should 

lapse 

-1 

This is primarily caused by the 

It further demonstrates that for the study of climate 

be used rather than one based solely on the aspect of energy balanced at the 

- top of the atmosphere. For a moist-adiabatic atmosphere, the r distribution 
in the atmosphere is mainly responsible for the smaller AT 

1.37 K for FRH and 0.77 K for FAH as shown in Fig. 6. 

albedo amplifications effect, this lapse rate effect may partially be responsible 

for the large CO climate effect found in high latitudes in general circulation 

models (Manabe and Wetherald, 1975). The results we presented give a good indi- 

value which is 

In addition to the ice- 

S 

2 
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cation of the uncertainty of the climatic effects due to  increases of carbon 

dioxide t o  r inherent i n  the one-dimensional radiative-convective model, It 

also i l l u s t r a t e s  the complex nature of the climate system we are  dealing w i t h .  

. 

b. Humidity 

Similar to previously discussed c r i t i ca l  lapse ra te  the actual equilibrium 

response of the water vapor profile is one of the aspects that  m u s t  be addressed 

in a more r ea l i s t i c  modeling effort .  

relative humidity should be a r ea l i s t i c  approximation (mabe and Wetherald, 

1967, 1975). FRH has a much larger effect  than FAH because of the increases 

of water vapor greenhouse effect, 

However, the assmption of constant 

The substantial difference is clearly an 

indication of the uncertainty introduced by th i s  assumption. 

i l l u s t r a t e  the sensit ivity of surface temperature to surface relative humidity 

In  Fig. 7 we 

As expected, the higher the q the warmer the surface. The change of 9s- S I  

surface temperature to  change of q ,dT /dq , i s  found to  be 10.3 K. 

sensit ivity increases s l i g h t l y  to  11.1 K i f  the carbon dioxide concentration 

is doubled. 

This 
s s s  



c. .Cloud 

Clouds play an inportant role h the radiation balance of the abosphere, 

me presence of clouds considerably reduces the n e t  rad ia t ion ,  while the  

atmospheric emission increases.  The net radiative effect on the surface 

temperature is a cancel la t ion b e t w e e n  cooling caused by a higher albedo 

in t h e  solar region and a warming due to  an enhancement of greenhouse effect 

in the thermal region. Observations (Cox 1971; Fleming andCox 1974) ind ica t e  

that l o w  and middle level clouds generally cool the surface and high c i r r u s  

clouds either warm or cool the surface depending on the cloud height  as w e l l  

as t h e i r  optical properties. However, r ecent ly  Lacis e t  al. (1979) made a detailed 

study of cirrus clouds using m o r e  r e a l i s t i c  c i r r u s  cloud properties. 

cirrus clouds are predominant greenhouse materials and cause warming a t  middle 

and upper troposphere i n  both low and high l a t i t udes .  

They found 

The rqu i r emen t s  on the knowledge of cloud heights ,  amount, type, etc., 

for rad ia t ion  calculat ions are formidable. 

a r e l a t i v e l y  realist ic atmosphere for a cloud s e n s i t i v i t y  study, w e  adopt a 

simple cloud m o d e l  which includes a s ingle  cloud layer  as w e l l  a s  a m o r e  soph- 

i s t i c a t e d  m o d e l  which has three cloud l aye r s  representing high, middle and l o w  

level cloud. It is  our intent ion t o  study t h e  s e n s i t i v i t y  of surface tempera- 

However ,  for the purpose of simulating 

ture tochanges i n  cloud amount, cloud top  and base height,  and t h e  number of cloud 

. layers i n  a radiative-convective model. 

F i r s t  w e  examine t h e  effect of cloud amounts. The s e n s i t i v i t y  of surface 

temperature t o  changes i n  high, middle and l o w  cloud amounts, i.e., dT /dC is 

found t o  be 32.3, -12.3 and -51.6 K respectively.  

the  standard model atmosphere specified i n  Table 3 with a f ixed  r e l a t i v e  

humidity. 

cloud amount without having feedback from o t h e r  dynamical processes. 

quently, these r e s u l t s  merely i l l u s t r a t e  t h e  model s e n s i t i v i t y  t o  t h e  

cloud amount. used. The increases i n  high cloud amount hea t  up the  sur- 

S 

The r e s u l t s  are based on 

In  the  ea r th ' s  atmosphere, w e  do not an t i c ipa t e  a va r i a t ion  i n  

Conse- 

% 
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. .  

face since the greenhouse effect is  larger than albedo effect. 

other hand, l o w  and middle level clouds cool off the surface i f  the cloud 

-'the 

amounts increase. It is in t e re s t ing  to note that the warming due t o  doubling 

the carbon dioxide concentration w i l l  be i n  balance w i t h  the cooling induced 

by 0.06 reduction of cirrus cloud amount. 

c i r r u s  cloud is highly dependent upon the cloud model used as pointed o u t  by 

Manabe and Wetherald (1967), the r e s u l t s  indicate the importance of t h e  role 

that c i r r u s  clouds p lay  in climate change. For example, Dickinson e t  al. (1978) 

h a v e e x d n e d t h e  effect of clorofluoromethanes onzonal  atmospheric tmperatures 

in the WCAR General Circulat ion Model. 

tropical tropopause could increase by 2 . 5  K i f  the 1975 chlorofluoromethane e m i s -  

sionscontinued indef in i te ly .  

vapor concentrations in the stratosphere t o  bui ld  up. 

not clear whether the c i r r u s  cloud amount would be increased or decreased. 

Judging from its la rge  rad ia t ive  e f f ec t  one would admit that t h i s  po ten t i a l  

Although the radiative effect of 

They found that the temperature of the 

The higher temperature would l i k e l y  a l l o w  w a t e r  

A t  the  s a m e  t i m e  it is 

problem can not  be overlooked. The increases  i n  l o w  and middle l e v e l  w a t e r  

cloud amounts by 0.05, as expected, decrease the  surface temperature by 2.60 

and 0.62 K respect ively because the  albedo e f f e c t  dominates. The reduction of 

l o w  cloud has a l a r g e r  effect ,  since the cloud optical thickness i s  larger 

and t h e  cloud is closer t o  t h e  surface (Lacis e t  al.,  1979). It  i s  also 

found t h a t  similar l i n e a r  re la t ionships  e x i s t  between t h e  surface temperature 

change and the  va r i a t ion  of cloud f r ac t ion  i f  t he  carbon dioxide concentration 

is doubled. 

Next, we study the  s e n s i t i v i t y  of model r e s u l t s  t o  the  number of cloud 

layers  used. For t h i s  purpose, we have constructed a single-cloud model 

bearing no r e l a t ion  t o  the  three-cloud model (see C e s s  1974 for the  discussions 

of cor re la t ion  of three-cloud model t o  single-cloud model). This m o d e l  assumes 

the cloud amount, cloud op t i ca l  thickness, and cloud top a l t i t u d e  t o  be 50%, 

10, and 6.0 km, respectively.  Despite a higher global albedo of 0.328, t he  surface 
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temperature for the single-cloud model is 288.69 K. The higher sur-' 

face temperature is caused mainly by the smaller amount of convection 0.149 

ly dn-' 

stable. 

needed because the absence of l o w  cloud'makes the troposphere more 

As shown i n  T a b l e  4 a doubling of the carbon dioxide concentration 

under the assumption of fixed cloud top and base al t i tude(FCA)is  found to  y i e l d  

1.75 K surface Warming for the single-cloud model instead of 2.04 K obtained 

for t h e  three-cloud model. This is due pr imari ly  t o  smaller water vapor amplifi- 

ca t ion  as can be seen f r o m  very similar r e s u l t s  obtained for  t h e  FAH assumption. 

The w a r m i n g  effect is enlarged to 3.01 and 2.94 K respect ively for the t w o  m o d e l s  

if t h e  cloud top and base temperatures(FCT)are held f ixed  ( C e s s ,  1974). The basic 

reasons for t h i s  subs t an t i a l  difference can be explained that for FCT. t h e  cloud 

a l t i t u d e s  increase for increasing surface temperature which i n  tu rn  reduces t h e  

cooling effect on t he  surface by clouds (Lacis e t  al., 1979). 

W e  have also examined t h e  cloud base feedback effect. Two cases are studied, one 

for constant cloud top temperature and cloud base a l t i t u d e  (FCTT) and t h e  o ther  for 

constant cloud top a l t i t u d e  and cloud base temperature (FCBT). In both cases,  they 

produce la rger  pos i t ive  feedback than FCA. It is in t e re s t ing  t o  note t h a t  cloud top 

feedback is m o r e  important i n  single-cloud model while cloud base has l a rge r  feedback 

i n  three-cloud model. Compared t o  FCA assumption, t h e  surface temperature change is 

enlarged by 72, 51 and 12%, respectively,  for FCT, FCTT and FCBT assumptions i n  t h e  

.single-cloud model. For t h e  three-cloud model, t h i s  enhancement f o r t h e r e s p e c t i v e  FC' * 
FCTT and FCBT asswpt ions  is 44, 24 and 43%. These r e s u l t s  are not  surpr i s ing  

simply bemuse clouds a t  d i f f e r e n t  leve ls  have d i f f e r e n t  effects on surface tempera- 

t u r e s  as discussed earlier. The p o i n t  we want t o  stress is  t h a t  f o r  climate s tudies ,  

cloud base a l t i t u d e s  are equally important a s  cloud top a l t i t u d e s .  

For the purpose of understanding t h e  cloud aTtitude-temperature feedback, 

it is worthwhile t o  examine the  separate thermal, s o l a r  and dyriamical effect 

a r i s ing  fromthe changes i n  external  parameter such as sol'ar constant,  and from the  

changes ih i n t e rna l  parameter such as  the increases  of carbon dioxide concentra- 
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tion. The sensitivity of the model to such perturbation can be derived 

from the energy balance equations at the top and bottom ofthe present model 

atmosphere, i . e . , 

- + Ss+ Es + Fs = Fs (14) 

where F is the outgoing thermal flux at the top of the atmosphere, a i s  the 

global albedo. Es is the total convective flw, and F , F and S are 

the upward thermal flux, downward thermal flux and 

at the surface, respectively. . 

0 + - 
S S S 

downward net solar flux 

From Eq. (14), we can express the surface temperature change in terms of 

the individual thermal, solar and dynamical temperature change, i.e., 

+ dF: 3 where (Fs)' = - = 4aTs if surface is assumed to be a black body in the thermal 

region and is the Stefan-Boltzmann constant. Table 4 presents the results for 

the two cloud models with carbon dioxide concentration doubled. It is found 

that the thermal contribution to total surface temperature change is over- 

dTS 

whelming, with small negative feedback from solar and dynamical effects. For 

FAH, the dynamical temperature change is nearly cancelled out by solar temperature 

change. 

by the increases of carbon dioxide concentration is the main reason for the 

higher surface temperature. 

It is very clear that the increases of thermal downward flux caused 

The negative feedback from solar and convective 

fluxes are due to the increases of atmospheric solar absorption and the 
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decreases in atmospheric stability, respectively. One interesting feature 

which we mentioned earlier is that, compared to the three-cloud model, the 

single-cloud model has larger themal effect for FCT and FCTT assumptions, 

and smaller thermal effect for FCA and FCBT assumptions. This feature can 

also be seen in the total surface temperature change. 

From Eq, (15), a convenient 

in solar constant can be defined 

S 
dT - Bo - so - = 

where dFo/dTs and da/dT are the 
S 

measure of the global sensitivity to changes 

as 

l? 
'n .- 

so da + -- @O - 
dTs 

4 dTs 

(17) 

respective thermal radiation and global 

albedo change to changes in surface temperature. Values of B for the 

present model for different cloud altitude feedbacks are given in Table 5 .  

The results computed by L i a n  and Cess (1977) are also shown for comparison. 

It is found that FCT assumption in three-cloud model and FCTT assumption 

in single-cloud model give the value of dF o s  /dT in close agreement with Lian 

and Cess' value, whose calculations included the most realistic latitudinal 

distribution of cloudiness, surface temperature and solar zenith angle. This 

result is consistent with theconclusionobtained by Cess (1974, 1976). How- 

ever, the a-T feedback is zero in energy balance model while it has 

positive small value for FCT assumption and negative values for other cloud 

altitude-temperature feedback assumptions. In general, fixed cloud base 

temperature assumption yields larger Bo values than the one;computed based on 

0 

S 
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fixed cloud base a l t i t u d e  assumption because of t h e  pos i t i ve  feedback induced 

by ' the increases i n  cloud base altitudes for t h e  former case,  which f u r t h e r  

enhances the  surface warming. Compared to  FCA assumption, t h e  global sensi-  

t i v i t y  80 is amplified by 60, 42 and 8% i n  t h e  single-cloud m o d e l  and 23, -5 and 

16% i n  t h e  three-cloud model, respectively,  for FCT, FCTT and FCBT assrrmptions. 

These r e s u l t s  are qua l i t a t ive ly  i n  agreement with t h e  r e s u l t s  found for t h e  

doubling carbon dioxide experiments. Therefore, one must be cautious t o  use 

t h e  d i f f e r e n t  cloud a l t i t u d e  feedbacks for climate s tud ie s  because the  enhance- 

ment i n  model s e n s i t i v i t y  depends on the cloud m o d e l  used. 
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6. Climatic effect of ozone reduction in the atmosphere 

Ozone is of major inportance in maintaining the thermal structure in the 

stratosphere through its absorption of solar ultraviolet and visible radiation 

and its effectiveblockingofrkheupwellingthermalemission from the earth's surface 

in the 1Opm window region. 

at 45 km can affect the local temperature by '- 5 K. In a similar manner but to 

a lesser extent ozone also affects tropospheric and surface temperature. In 

general, the larger the column amount of ozone or the lower the height of m a x h  

ozone concentration, the warmer is the temperature of troposphere and surface 

(Manabe and Wetherald 8 1967; Ramanatha et al., 1976B). The tropospheric and 

surface warming are caused mainly-by the increases of thermal downward flux. 

A factor of t w o  variation in ozone concentration 

In recent years, therehas been increasing concern as to the possibility of 

a reduction in the amount of stratospheric ozone due to photochemical reactions 

invdving trace gases, especially the oxides of nitrogen (NO 1 and chlorofiuoro- 

methanes (CFMS). The concentrations of the trace gases may be increased due 

to the use of high-flying aircrafts, the use of agricultural fertilizers and the use 

of CFMs in aerosol sprays and refrigerators KIAP, 1975; NAS, 1976; NASA, 1977). 

X 

The potential climate effects associated with the increases of C F M s  are the 

warming due to CFMs greenhouse effect and the cooling caused by the depletion 

of stratospheric ozone (Ramanathan, 1975; Wang et al., 1976). However, 

because of the extreme complexity of this problem, uncertainties regarding the 

ozone reduction in the stratosphere are still very great. Nevertheless, the 

matter deserves further thorough study since stratospheric ozone reduction has 

substantial long-term effects and in this study we emphasize these effects. 

First we examine the role ozone played in determining the surface temperature. 
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Table  6 shows the computed radiative-convective equilibrium surface 

temperature for  three different ozone distributions corresponding to  0 ,  40 and 

80 N a t  April 15. 

80 N a maximum, while the height of the maximum concentration decreases toward 

higher latitudes. 

the height of maximum ozone concentration cools the surface, which is i n  quali- 

tative agreement with published r e s u l t s  (Manabe and Wetherald, 1967). Relatively 

speaking, the height of maximum ozone concentration, i.e., the shape of the 

ozone distribution has a larger effect  on the surface temperature than the 

to t a l  amount as can 5e seen from the computed surface temperatures for  0 and 

80 N with the distributions normalized t o  the t o t a l  ozone amount of 40 N. This 

further suggests tha t  ozone reduction a t  different alt i tudes has different 

effects on surface temperature. 

t i v i ty  study of ozone reduction i n  the  atmosphere (Wang e t  a l . ,  1979b). I t  i s  

founi that +the region which has the largest effect  cn s-afzce tzmperat.;rre duz 

t o  ozone zeduction is  around ‘the tropopause where ozone causes thermal heating 

instead of cooling (see Laciset al.,  1979)- The reduction of ozone i n  t h i s  

The total ozone amount for  equator i s  a minirnum and tha t  for  

It is found that reducing the to t a l  ozone amount and increasing 

For t h i s  purpose, we have performed a sensi- 

region has a factor of two t o  three larger effect  on surface temperature compared 

to  other parts of the atmosphere. 

Table 7 gives the unperturbed model atmospheres and the changes i n  thermal 

structure due t o  stratospheric ozone reduction. 

aerosols increases the global albedo and decreases the  surface temperature i f  

the globally-averaged aerosol model proposed by Toon and Pollack (1976) i s  used. 

The surface temperature i sdecreasedbY1.43K,whichis  consistent with the 2.23 K 

surface cooling obtained by Wang and D o m a t o  (1974) witha tropospheric aerosol 

optical depthof 0.223. 

to ta l  stratospheric ozone is  removed between 1 2  and 50 km. 

i n  ozone concentrationsdecreasesthe 60 mb temperature by only 2.73 K. Th i s  smalltemp- 

As expected the  addition of 

The temperature a t  60 m b  decreases by 33 K i f  

However a 25% reduction 
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erature var ia t ion  is caused by the strong ozone absorbing bands i n  t h e  ultraviolet 

which i s  saturated for 0.5 cm of ozone (Lacis and Hansen, 1974). A total removal 

of s t ra tospher ic  ozone coolsthe.surface by.1.0 K irrespective of t h e  presence or 

absence of aerosols. This demonstrates t h a t  reduction of s t r a topshe r i c  ozone 

alone always cools the tropospheric and surface t a p e r a t u r e  with or without 

t he  presence of tropospheric aerosols. 

Previous analyses emphasize on the  study of s t ra tospher ic  ozone column 

reduction. These is also t h e  poss ib i l i t y  t h a t  a t  p a r t i c u l a r  a l t i t u d e s  the 

local change i n  ozone is much la rger  or  smaller than the  average for the total  

column. Large perturbations i n  t h e  ozone profile might have t h e i r  own effects 

through perturbation of temperature. For t h i s  purpose, w e  have s tudied ozone 

reduction i n  the atmosphere caused by increases of CFCl and CF C 1  3 2 2  emissions. 

Based on a standard one-dimensional photochemical model, Yung e t  al. 

(1979) have calculated the  unperturbed and perturbed ozone concentration 

prof i les .  The unperturbed reference p r o f i l e  is based on 0.11 ppbv CFCl  and 

0.21 ppbv CF C 1  which r e f l e c t  present-day concentrations (NASA, 1977). According 

to  NAS (1976) the projected concentration increases  of chlorofluoromethanes a t  

3 

2 2  

year 2030 can be a f ac to r  of t e n  or larger .  In  t h i s  study, we  ca l cu la t e  t h e  

' perturbed ozone profile based on 0.8 ppbv CFCl and 2.3 ppbv CF C 1  3 2 2 -  The per- 

centage ozone concentration change of t he  perturbed p r o f i l e  t o  the  unperturbed, 

along withthe,cornputed equilibrium temperature change, are shown i n  Fig. 8. 

The total  ozone column reduction i s  about 18%. A 7 IC cooling i s  found i n  t h e  

40 km region where the  reduction of ozone concentrations i s  l a rges t ,  -50%. 

The tropospheric warming of 0.07 K i s  caused mainly by the  increases  of CFM concen- 

t r a t i o n s  (a 0.17 K cooling i s  found i f  C F M s  maintain same concentration l e v e l s  as 

used i n  unperturbed model). W e  have a l so 'used  the  moist ladiabat ic  lapse r a t e  

i n  t h i s  s tudy.  The s t ra tospher ic  temperature change is  similar t o  the ,one 
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shown i n  Fig. 8. However, the tropopause warming i s  enlarged to 0.13 K and 

surface temperature increased by 0.05 K instead of 0.07 K for a fixed 6.5 K 

km-l lapse rate case. 
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7.  Conclusions 

In this paper, we present a one-dimensional radiative-convective model 

of the earth's atmosphere for climate studies. The sensitivity of the 

physical parameters inherited in the climate system such as lapse rate, 

humidity and clouds is examined. Because of its large climate effect, the 

increase of carbon dioxide concentration in the earth's atmosphere is used as 

a radiative perturbation for the sensitivity study of these model parameters. 

It is found that the surface warming of about 2K due to doubling carbon dioxide 

concentration depends weakly on cloud model (without cloud altitude-temperature 

feedback) and surface humidity values used. However, the critical lapse rate 

has a dominant effect on the surface temperature change. 

surface warming is obtained based on constant 6.5 K km-' lapse rate while dry- 

For example, the 2K 

. adiabatic lapse rate can result in a 2.5K increase in surface temperature. On 

the other hand, moist-adiabatic lapse rates which are close to observed values yield 

a much smaller warming of 1.4 K. We conclude that crjtical lapse rate values can 

make the climate effects due tc increases of carbon dioxide concentration 

differ by a factor of two. 

;is equally important as the cloud top altitude feedback in climate studies. For 

example, compared to FCA assumption, the surface temperature perturbation due to 

increase of carbon 

for FCT, FCTT and FCBT assumptions in a single-cloud model. But the enhancement is 

found to be 44, 24 and 43%, respectively, in a three-cloud model. The enhancement 

in global sensitivity to changes in solar constant due to this feedback is quali- 

tatively similar to the case of increasing carbon dioxide concentration. We con- 

clude that the cloud-altitude feedback responds differently and depends on the 

cloud model used. 

It is also shown that the cloud base altitude feedback 

dioxide concentration is amplified by 72 ,  51 and 12% respectively, 
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As a sample application of the present one-dimensional radiative-convective 

mdel, we have studied the climatic effects due to ozone reduction in :the strato- 

sphere. We have found that ozone depletions in stratosphere always cool both 

the stratosphere and the surface irrespective of the presence or absence of 

aerosol layers. However, the chlorofluoromethane-induced ozone column reduction 

at year 2030 following the current rate of chlorofluoromethane emissions, is 

about 18% and decreases the temperature by 7K around 40 km while the surface 

temperature increases by 0.07 K because of the greenhouse effects of chloro- 

fluoromethanes. 

Despite the lack of several major feedback mechanisms such as cloud cover 

feedback, surface albedo temperature feedback, the one-dimensional radiative- 

convective climate models provide adequate, at leastfirst order, response of 

radiative perturbations in the earth's atmosphere. Recently Wang and Stone (1979a) 

have demonstrated that the ice-snow albedo-temperature feedback can be incorporated 

in the one-dimensional radiative-convective models in a realistic way. This 

addition greatly increases the model's ~Aility for climate stgdies. As to 

other feedback mechanisms, they must wait for better understanding of the 

physical processes which control the different feedbacks. 
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Table 1 

Canparisons between anisotropic scattering (AI) and 
scaled isotropic scattering (SI). The results are 
obtained based on doubling and adding m e t h o d .  

S-terer h a w  Albedo Transmission Absorption 

AI SI A I  SI AI SI 

Water Cloud 10 0.0313 0.0322 0.0125 0.0145 0.9562 0.9533 

(-c0 = 8) 20 0.0298 0.0311 0.0006 0.0004 0.9697 0.9683 

Ice Cloud 10 0.0096 0.0117 0.2342 0.2353 0.7562 0.7530 

(To = 2) 20 0.1020 0.1049 0.2464 0.2486 0.6516 0.6465 

' Sulfate 10 0.0003 0.0004 0.9882 0.'9880 0.0115 0.0116 

(To = 0.1) 20 0.0 0.0 0.9964 0.9965 0.0036 0.0035 
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Absorbing bands of t race  atmospheric const i tuents .  
values of assumed present concentration refer t o  ground level. 
The assumed v e r t i c a l  p ro f i l e s  are given i n  Table 3. 

The 

species Band Center Band References 
x 0" Designation 

(m) (Cm-1) . 

Assumed Present 
Concentration 

(PpmV) 

H O  0.7 14318 a Fowle (1915) variable 

0.91 11032 --pm McClatchey e t  al. 
1.14 8805 4 (1972) 
1.38 7251 I 
1.87 5330 n 
2.70 3756 X 
3.2 3125 2v2 
6.25 1600 v2 

02 8 12565 v2 + 3v; 2 

10 1000 Continuum Roberts et  al. 
20 500 Continuum (1976) 
10 - 0 - 1000 Rotational McClatchey e t  al. 

(1972) 

8293 v +2v +3v3 Elcclatchey e t  al. 330 
(1972) 1 2  1.2 

1.43 6976 v3 
co2 

. 1.6 6250 V1+4V2+V3 
2.0 5104 2V1+V3 
2.7 3715 V1W3 
4.26 2349 v3 

10 1000 v3 
15 667 vs 

0, 0.13 - 0.31 31949-76923 
L 

0.69 14535 B 
0.76 13123 A 

O3 
0.2 - 0.37 27027- Hartley and 

50000 Huggins 
0.43-0.76 13158- 

23256 Chappuis 

v3 

v2 

9.6 1042 

14 714 

4 2500 Continuum 
N2 

0.24-0.50 20000- 
41667 N02 

N20 7.78 1285 V 1  
17.0 588 v2 

v3 4.5 2223 

3 
umdbock c?f Geephysics 2.095 x 10  

McClatchey e t  al .  
(1961) 

(1972) 

Handbook'of Geophysics var iab le  
(1961) 

McClatchey e t  a l .  
(1972) 

5 
Burch e t  a l .  (1970) 7.905 x 10  

H a l l  and Blacet (1952) variable 

McClatchey e t  al. 0.28 
(1972) 
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Table 2 

CONTINUED 

References Assumed Present Species Band Center Band 
Concentration x w Designation 

(PI (Cm-1) (PPmv) 

M4 

"3 

m03 

'ZH4 

s02 

CC12F2 

CC1 F 
3 

M 3 C 1  

. CC14 

cF* 

7-66 

10.53 

5.9 
7.5 

11.3 
21.8 

10.5 

8.69 
7.35 

9.13 

8.68 

10.93 

9.22 
11.82 

13.66 
9.85 
7.14 

12.99 

7.80 

1306 

950 

1695 
1333 

850 
459 

949 

1151 
1361 

1095 

1152 
91 5 

1085 
84 6 

732 
1015 
1400 
770 

1283 

v4 

v2 

v2 

'5 + 2Vg 
v9 

v7 

V 1  

v3 + v4 

V 
3 

V 
1 

V 
6 

'8 
v 
1 

v4 

V 
3 

v6 

V '  
3 

v:! + v5 

'Mcdlatchey e t  al. 1.6 

McClatchey e t  al. 
6 x (1972) 

11972) 
Go dman e t  al. variable 

(1970, 1975) 

Ludwig e t  al. 2 

Ludwig e t  al. 2 

Varanasi (1977) 1 loa4 

(1969) 

(1969) 

-4 
Varanasi (1377) 1 x 10 

Dickson e t  a l ,  5 

Cook e t  a1,(1967) 1 

(1957) 

., 
Saeki e t  al .  (1976) 6 x 
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Tabie 3 

Characteristics of the atmospheric model employed as a standard for comparison. 

Characteristia Value 

Surface pressure Pi._ 

Surf ace Temperature TS 

Solar "Constant" S o  

Critical lapse rate r 
Convection 

Clouds * 
f i o W  

Middle 

High 

Ocean 
Mixed layer depth 

H 0 vapor abundance 
Column amount 
Distribution 

2 

p = P/Po < 0.02 - 
p = P/Po > 0.02 

CO abundance 
2 

. o  Column amount 3 
Minor trace gases 

Aero sois 
troposphere 

stratosphere 

* 

1013.25 mb 

2.87.39 K 
1,958 ly min 
6.5 K km-l 
0.159 ly min-' 

-1 

To = 16, z = 3 km, C = 0.30 

To = 6, z = 5 km, C = 0.10 

To = 2, 2 = 9 km, C = 0.10 

C 

C 

C 

73 m 

1.67 pr. cm 

see text 

$= 0.75 (p-0.02)/(1-0.02) 

330 ppmv 

0.345 cm (see Text) 

see Table 2 of Wang et al, (1976) 

To = 0.120 

To = 0.005 

* 
'0 is the optical thickness at 0.55 m, zc i s  cloud top altitlide and C the  
cloud fraction. 
b7etherald (1967). 

+Value q is t h e  relative humidity taken f r o m  Manabe and 

42 



Table 4 

Effects of cloud-altitude feedback on surface tmperature perturbation 
AT (K) if carbon dioxide concentration is increased by a factor of two. 
Separate thermal, dynamical and solar effect on surface temperature is 
calculated by computing the difference between unperturbed and perturbed 
cases. Total surface temperature change is the sum of the three effects 
as indicated in Eq. (16)- FCA and FCT refer to fixed cloud altitudes 
and fixed cloud temperaturesrespectively. FCTT and FCBT denote fixed 
cloud top temperature and base altitude and fixed cloud top altitude and 
base temperature respectively, 

S 

MODEL FCT F s E  - FCBT 
FRH FAH FRH FRH FiiH 

- FCA PARAMETER 

S 1.75 1.17 3.01 2.65 1.96 Single- cloud . AT 

2.34 1.17 3.69 3.43 2.49 
%- - 
(F:) 

C 
+ 

AE 
-0.33 0.07 -0.28 -0.42 -0.24 - 

(FsY 

- ASS -0.26 -0.07 -0.40 -0.36 -0.29 

2.04 1-25 2.94 2.53 2.92 ATS 
Three-cloud 

- 
lSFS 

2.58 1.25 3.33 3.10 3.33 

- 
(F:) ' -0.26 0.08 -0.03 -0.25 -0.06 

L_ Ass -0.27 -0.08 -0.36 -0.32 -0.35 
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Table 5 

Comparison of the global sensitivity parameter fi 
to changes in solar constant between the energy Balance model and the 
-present model for current climate conditions. 

[defined in Eq. (17)] 

_I_ - 

Lian  and Cess (1977) 

a. Three-cloud model 
FCA 

FCT 

FCPT 

FCBT 

b. Single-cloud model 

FCA 

FCT 

FCTT 

FCBT 

1-63 

2.39 

1.70 

2-32 

1.97 

2.40 

1.38 

1.62 

2.16 

0 

-0.237 

0.044 

-0.053 

-0.128 

-0.205 

0 .. 005 
-0.079 

-0.106 

147 

110 

135 

104 

128 

i03 

155 

146 

111 
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Table 6 

Computed surf ace temperature for three different ozone distributions. 
The total ozone amount at the three latitudes represents the daily 
value of April 15 obtained by averaging over the 10 years data compiled 
by London et al. (1976). 

5 

Maximum Concentration 
Ts(K) Albedo T:(K) Latitude Total Amount Height (km) 

(a) 

0 

40 N 

80 N 

27 

22 

18 

0.248 286.18 0,311 286.44 

0.345 287.39 0.307 - 
0.443 289.09 0.303 288.53 

*Surface temperature if total O Z O ~ O  amount is normalized to the amount of 40N. 
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Table 7 

Changes in thermal structure due to stratospheric ozone reduction. 

parameter 

~ ~~~ ~ ~ ~~ 

Aerosol-free 
Atmosphere Aerosol Atmosphere 

UA loo%* UA 25%* loo%* 

Global Albedo 0.2954 0.0183 0.3068 0.0034 0.0187 

Temperature K 

60 mb 209.67 -32.64 209.49 -2.73 -32.74 

surf ace 288.82 -1.05 287.39 -0.29 -1.00 

Convection 

0.1625 0.0040 0.1594 0.0009 0.0042 -1 ly min 

Water vapor 

column amount 1- 85 -0.14 1.67 -0.03 -0.12 

*Changes in model results with respect to unperturbed atmosphere 
(UA) due to indicated percent reduction of stratospheric ozone 
concentration between 12 and 50 km. 
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FIGURE CAPTIONS 

Fig. 1: Percent e r r o r  of layer  emissivi ty  computed based on two-stream 
approximation and exact mult iple  s ca t t e r ing  ca l cu la t ions  f o r  iso- 
tropic sca t t e r ing .  
as t h e  l aye r  surface temperatures i n  t h e  10 pm window. 
the  accuracy of the two-stream approximation f o r  i s o t r o p i c  
sca t t e r ing ,  a parameterization [defined i n  E q .  (1111 is obtained 
to  mult iply E and E* i n  E q .  ( 8 )  so t h a t  the  emissions are within 
2% of exact mult iple  s ca t t e r ing  r e s u l t s  f o r  a l l  values of 

The computation is performed with 280 and 300 K 
To improve 

and - T ~ .  

Fig. 2 :  I l l u s t r a t i o n  of the terms used i n  t h e  computations of f lux .  The 
atmosphere i s  divided in to  s u f f i c i e n t  number of homogeneous layers .  
The l aye r  proper t ies  R,T,T E, and E* represent  r e f l e c t i o n ,  t rans-  
mission, o p t i c a l  thickness?'emissions a t  t op  and bottom of t h e  
layer ,  respect ively.  The f luxes  a t  the in te r face  of t he  l aye r  are 
computed f o r  a l l  values of n based on the adding of t w o  composite 
l aye r s  as indicated i n  t he  t e x t .  

Fig. 3: Spectral  inergy curve of s o l a r  rad ia t ion  a t  sea l e v e l  and extrapolated 
outs ide  the  atmosphere, as given by P e t t i t  (1951). The darkened 
areas represent  gaseous abeorption i n  the atmosphere. 

Fig. 4: Transmission of thermal r ad ia t ion  by atmospheric gases f o r  present- 
day abundances. The scale is  expanded for  the weak absorbers i l l u s t r a t e .  
i n  the lowest panel. The arrows indica te  the loca t ions  of the  chloro- 
fluoromethane and chlorocarbon bands, which a r e  too weak t o  be v i s i b l e .  

Fig. 5 : ~ ~ d i i t i v . ~ - c = n t l e c t i l ~ ~  equilibri-&i tzinperatiire d i s t r i b u t i o n s  .€vr the  
ea r th ' s  atmosphere w i t h  two c r i t i c a l  l apse  rate values.  The U.S. 
standard atmosphere temperature p r o f i l e  i s  a l s o  shown f o r  comparison. 

Fig. 6: Computed surface temperature as a function of constant  c r i t i c a l  lapse 
rate. Solid l i n e  depicts  present-day carbon dioxide concentration while 
dashed l i n e  is based on  660 ppmv carbon dioxide concentration. The sing: 
cross  and dot  a r e  f o r  moist-adiabatic assumption which has atmospheric . 

mean value f o r  5.48 K km-1.. 

Fig. 7: Computed surface temperature as function of sur face  r e l a t i v e  
humidity values. 

Fig. 8: Temperature changes due t o  CFM-induced ozone per turbat ions,  including 
the d i r e c t  thermal e f f ec t  of the  increased chlorofluoromethane 
abundance. Note t h a t  the sca l e s  f o r  A T > O  and AT<O a r e  d i f f e r e n t .  
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